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Abstract The extent and persistence of anoxia in the South Atlantic Ocean during its early opening phase
in the Early Cretaceous is not well constrained, hindering a holistic understanding of the processes and
mechanisms that drive past changes in water column redox conditions, as well as the impacts of such
changes onmarine ecosystems. Here we provide high-resolution geochemical records fromDeep Sea Drilling
Project Site 364 that document variations in redox conditions, chemocline depth, marine productivity, and
marine ecosystem dynamics in the northern South Atlantic during the Aptian. We show that many of these
parameters varied across discrete sedimentary cycles expressed in the Deep Sea Drilling Project 364
succession. Our data indicate that during the initial stages of basin development, anoxic and euxinic
conditions were prevalent and occasionally extended into the upper water column. However, strong cyclicity
in sedimentological and geochemical parameters imply that the anoxia/euxinia was not a persistent state.
We argue that the water column redox conditions during the Aptian were driven by changes in the
hydrological cycle, induced by variations in astronomical forcing. We suggest that the episodically ampliﬁed
hydrological cycle not only enhanced nutrient availability and marine productivity, but might also have
caused density-driven upper ocean stratiﬁcation. The presence of black shales of similar age in other
ocean basins suggests that this mechanism is broadly important for the formation of Early Cretaceous
organic-rich successions.
1. Introduction
The Cretaceous Period (~145–66 Ma) was characterized by a greenhouse climate (Hay, 2008, and references
therein), with elevated atmospheric CO2 levels (e.g., Foster et al., 2017; Naafs et al., 2016), high sea surface
temperatures (e.g., Bice et al., 2006; Naafs & Pancost, 2016; O’Brien et al., 2017; Schouten et al., 2003), and little
or no continental ice (Huber et al., 2002; MacLeod et al., 2013). Superimposed on this general greenhouse cli-
mate are the oceanic anoxic events (OAEs). Classically, OAEs are time intervals associated with expansion of
anoxia and deposition of organic-rich black shales in the ocean (Jenkyns, 2010, and references therein),
although some OAEs have also been identiﬁed in lake sediments (Xu et al., 2017). OAEs are associated with
intense perturbations in global climate, ocean chemistry, and global biogeochemical cycles (Jenkyns,
2010), reﬂected, for example, in the carbon isotope excursions (CIEs) that accompany the major OAEs.
Some OAEs have been associated with a positive CIE (e.g., OAE 2) and others with a negative CIE (Toarcian
OAE), and some, like OAE 1a, contain both (see review by Jenkyns, 2010).
The occurrence of anoxia during the Cretaceous, however, was not exclusive to OAEs, as black shales formed
at more limited regional scales at other times (e.g., C. Huang et al., 2010). The regional formation of black
shales is dominated by local factors, for example, changes in nutrient availability, hydrology and water col-
umn stratiﬁcation, and basin morphology. Preservation of organic-rich sediments is frequently linked to
the development of anoxia, induced by either increased primary productivity and organic matter (OM) export
overwhelming the rate of OM remineralization and/or decreased oxygen ﬂux resulting in decreased OM remi-
neralization. Black shales can occur as both singular sedimentary units or as repetitive units interbedded with
organic-lean facies (Beckmann et al., 2005; Hofmann & Wagner, 2011; C. Huang et al., 2010; Kuypers et al.,
2004; Malinverno et al., 2010; Meyers et al., 2006; Wagner et al., 2004), the latter of which is often attributed
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to climate variability driven by astronomical forcing during the Cretaceous. Identifying the factors involved in
the formation of Cretaceous black shales can provide a better understanding of Cretaceous biogeochemical
cycles and climate feedbacks, as well as the formation of hydrocarbon source rocks.
Within the Cretaceous, the Aptian Stage is of particular interest as the opening of the South Atlantic started
during this time period, leading to the development of a series of local rift basins in the southern and equa-
torial South Atlantic that were potentially prone to the development of black shales (e.g., Pérez-Díaz & Eagles,
2017). In addition, one of the major OAEs occurred during the Aptian: OAE 1a (Bralower et al., 1994).
Therefore, there is much interest in the Aptian carbon cycle on both short (e.g., C. Huang et al., 2010) and long
timescales (Bralower et al., 1994; Jenkyns et al., 2012). However, to the best of our knowledge there are
remarkably few studies on Aptian organic carbon production and preservation from the South Atlantic
(Bralower et al., 1994; Foresman, 1984; Jenkyns et al., 2012; Naafs & Pancost, 2014; Raynaud & Robert, 1978;
Simoneit, 1978; Stein et al., 1986; Zimmerman et al., 1987) or even the Southern Hemisphere (van Breugel
et al., 2007), and most of these are of low stratigraphic resolution. Almost all orbitally resolved records (i.e.,
with sampling steps at <~10–20-kyr intervals) from this period are from Europe (e.g., C. Huang et al.,
2010). Early ocean drilling expeditions (e.g., Leg 40 Shipboard Scientiﬁc Party, 1978) recovered Aptian black
shales in the northern South Atlantic and described the organic-rich to organic-lean interchanging nature of
these successions. However, the triggering factors involved in the formation of these organic-rich layers and
their alternating nature are not fully constrained. Here we provide high-resolution records of total organic
carbon (TOC), total sulfur, and carbonate (%CaCO3) contents to trace astronomically paced variations in
the depositional environment of the northern South Atlantic (Site 364, at ~25°S paleolatitude) during the
Aptian. In addition, high-resolution molecular organic geochemical analyses are provided from selected
intervals to test whether apparently astronomically forced variations in sedimentary facies are related to pri-
mary marine productivity, chemocline expansion, or marine anoxia.
2. Samples and Methods
2.1. Sampling Location and Lithology
Deep Sea Drilling Project (DSDP) Leg 40, Site 364 (modern latitude: 11°34.320S, 11°58.300E, 2,450 m water
depth), is located in the Kwanza Basin of the South Atlantic (Leg 40 Shipboard Scientiﬁc Party, 1978) and
was drilled on the seaward edge of the salt plateau at the transition from the outer Kwanza Basin to the
Benguela Basin (Leg 40 Shipboard Scientiﬁc Party, 1978). Site 364 covers a 427-m cored section (46 cores)
to a bottom depth of 1,086 m below sea ﬂoor (bsf; top of the Aptian evaporite and salt formations) and con-
sists of sediments that are Pleistocene to Early Cretaceous in age (Kochhann et al., 2014; Leg 40 Shipboard
Scientiﬁc Party, 1978).
Site 364 is divided into seven lithological units (e.g., Leg 40 Shipboard Scientiﬁc Party, 1978; R. Matsumoto
et al., 1978), with Units 6 and 7 investigated here. Unit 6 is predominantly composed of calcium carbonate
(limestone), with a TOC content <3 wt %. The underlying Unit 7, the deepest lithological section of Site
364, comprises dolomitic limestones and thin black shales, with TOC contents as high as 40 wt % (Leg 40
Shipboard Scientiﬁc Party, 1978; T. Matsumoto, 1978; Raynaud & Robert, 1978; Simoneit, 1978). On the basis
of the proportion of black shales, Unit 7 is divided into two subunits: 7a (Cores 39 to 41) with fewer and 7b
(Cores 42 to 46) with more abundant and more intense black shale horizons (Leg 40 Shipboard Scientiﬁc
Party, 1978). Guided by previous work (Leg 40 Shipboard Scientiﬁc Party, 1978; Naafs & Pancost, 2014), we
mainly focus on subunit 7b (1,020–1,086m bsf), characterized by the highest TOC contents and apparent pro-
nounced cyclic variation in lithology. The timing of deposition of Unit 7 (Aptian) and Unit 6 (Aptian–Late
Aptian) coincided with the initial opening of the South Atlantic and deepening of the basin (Zimmerman
et al., 1987). During this time DSDP Site 364 was located at approximately 25°S, 10°W paleolatitude.
Biostratigraphic evidence indicates that sediments at Site 364 were deposited on a continental shelf setting
(Kochhann et al., 2014). The paleodepth of Site 364 during the Early Cretaceous (Unit 7) is estimated to be
~300–400 m (Zimmerman et al., 1987).
2.2. Analytical Methods
A total of 288 samples was obtained from the International Ocean Discovery Programme Bremen Core
Repository, Germany. Unit 7b was sampled with a resolution of approximately 10 cm (250 samples). Thirty-
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four samples were taken from Unit 7a and Unit 6 at a lower resolution. Bulk samples were freeze dried to
remove excess water and were powdered using either a ball mill device or a mortar and pestle.
2.2.1. Bulk Geochemistry
Total carbon (C) and inorganic carbon (IC) contents were determined using a CHN elemental analyzer
Eurovector EA 3000 and Strohlein Coulomat 702, respectively. All elemental analyses were performed in
duplicate, and the presented data reﬂect the mean of these duplicates. TOC was determined by C and IC dif-
ferences. To analyze bulk organic stable carbon isotopic ratios (δ13Corg), IC was removed using 2 M HCl acid.
Sample tubes were placed in a water bath and heated at ~60 to 80 °C for 5 hr to aid the reaction (also ensur-
ing the removal of pyrite). Samples were then repowdered and dried in an oven at 50 °C for 24 hr. Between 10
and 25 μg of each sample (depending on TOC content) were used to measure δ13Corg at the Open University,
UK. δ13Corg was measured using a Thermo Flash HT Elemental Analyzer coupled to a Thermo Finnegan MAT
253 mass spectrometer (with the 1 σ uncertainty of 0.03‰, 0.09‰, and 0.01‰ for IAEA CH-6, NIST 8573, and
IR-R041 standards, respectively; n = 20).
A selection of 68 samples from Unit 7b with an average resolution of ~50 cmwere selected for Rock-Eval ana-
lyses. Rock-Eval analyses were performed using a Rock-Eval 6 instrument to obtain estimates of the hydrogen
index (HI) and the temperature of maximum hydrocarbon generation (Tmax). Respective 2σ uncertainties
were estimated with repeated measurements of an in-house shale standard (St. Audries Bay Shale) and were
3 mg HC/g TOC and 19 °C. Approximately 30–50 mg of dried sample powders was weighed for
each measurement.
2.2.2. Biomarker Extraction
The same 68 samples used to obtain Rock-Eval data from Unit 7b, alongside 14 samples from Unit 7a and 20
samples from Unit 6, were selected for detailed biomarker analysis. To obtain total lipid extracts (TLEs), 14 g of
each sample was extracted with 20 ml of dichloromethane (DCM):methanol (MeOH; 9:1, vol) by microwave-
assistedmethod (MILESTONIE Ethos Ex Microwave solvent extraction). Themicrowave program consisted of a
10-min ramp to 70 °C (maximum 1,000 W), followed by a 10-min hold at 70 °C (maximum 1,000 W), and a 20-
min cooling period. Activated copper turnings were added to the TLEs for 24 hr to remove elemental sulfur.
The TLE was then concentrated using rotatory evaporator and separated into three fractions (aliphatic, aro-
matic, and polar) using short (4-cm) silica gel open column chromatography. Aliphatic, aromatic, and polar
fractions were eluted using 3 ml of hexane, 4 ml of hexane:DCM (3:1), and 4 ml of DCM:MeOH (1:2), respec-
tively. All fractions were then dried under a gentle stream of N2. To quantify the abundance of aromatic bio-
markers, 1.25 μg of C36 n-alkane was added as an internal standard to the aromatic fractions. We did not
determine exact response factors for the aromatic biomarkers, and the quantiﬁcations should thus be consid-
ered as semiquantitative.
Incorporation of inorganic sulfur into unsaturated bonds of hydrocarbons within the water column or sedi-
ment results in the formation of sulfurized hydrocarbon moieties in the polar fraction (Sinninghe Damsté &
de Leeuw, 1990), potentially biasing the biomarker results if only the aliphatic and aromatic fractions are ana-
lyzed. To explore some aspects of the sulfurized biomarker assemblage, the polar fraction of one black shale
sample from Unit 7b was desulfurized using Raney Nickel desulfurization and subsequent hydrogenation
(Sinninghe Damsté et al., 1989).
2.2.3. Biomarker Analysis
Biomarker distributions in the aliphatic, aromatic, and desulfurized polar fractions were analyzed using a
Thermo Scientiﬁct™ ISQ Series Single Quadruple gas chromatography-mass spectrometry (GC-MS) system.
Separation of compounds was performed on a Zebron nonpolar column (50m × 0.32mm, 0.10-μm ﬁlm thick-
ness). The injection volume was 1 μl. The GC programmewas injection at 70 °C (1-min hold), heating to 130 °C
at a rate of 20 °C/min, then to 300 °C at 4 °C/min, followed by a 24-min hold. The mass spectrometer continu-
ously scanned between m/z 50 and 650. Identiﬁcation of biomarkers was carried out based on published
retention times and spectra as well as comparison with standard samples.
In addition to the classical GC-MS system, 27 samples from Core 43 were analyzed using metastable reaction
monitoring-GC-MS (MRM-GC-MS) conducted at University of California Riverside, United States, to identify
and quantify isomers of methylsteranes and methylhopanes. The MRM-GC-MS system operates on a
Waters AutoSpec Premier mass spectrometer equipped with a HP 6890 gas chromatograph and DB-1MS
coated capillary column (60 m × 0.25 mm, 0.25-μm ﬁlm thickness) using He as carrier gas. The GC
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temperature program consisted of an initial hold at 60 °C for 2 min, heat-
ing to 150 °C at 10 °C/min, followed by heating to 320 °C at 3 °C/min, and a
ﬁnal hold for 22 min. Analyses were performed via splitless injection at
320 °C in electron impact mode, with an ionization energy of 70 eV and
an accelerating voltage of 8 kV. MRM transitions for C27–C35 hopanes,
C31–C36 methylhopanes, C21–C22 and C26–C30 regular (4-desmethyl) ster-
anes, C30 methylsteranes, and C19–C26 tricyclics were monitored.
Polycyclic biomarker alkanes (tricyclic terpanes, hopanes, steranes, etc.)
were quantiﬁed by addition of a deuterated C29 sterane standard [d4-
ααα-24-ethylcholestane (20R)] to aliphatic hydrocarbon fractions and com-
parison of relative peak areas.
Compound-speciﬁc δ13C of the saturated hydrocarbon fraction was deter-
mined for two samples (one carbonate and one black shale) to explore the
source of the biomarker 2,6,10,15,19-pentamethylicosane (PMI; e.g.,
Pancost et al., 2000). For this purpose, we used an Agilent Industries
7890A gas chromatograph coupled to an IsoPrime 100 GC-combustion-
isotope ratio MS system. Samples were introduced onto a capillary column
(50 m × 0.32 m, 0.17 μm ﬁlm thickness) using He for carrier gas. The GC
oven temperature programme was the same as for GC-MS analyses.
Samples were measured in duplicate, and the presented value reﬂects
the mean of duplicates. The δ13C values were converted to Vienna
Peedee Belemnite by bracketing with an in-house gas (CO2) of known
δ13C value. Instrument stability was monitored by regular analysis of an
in-house fatty acid methyl ester standard mixture; long-term precision
is ±0.3‰.
2.3. Time Series Analyses
Time series analyses were performed on the whole TOC data set of Unit 7b
(Cores 42–45) and on the upper interval from 1,024.62 to 1,037.92 m bsf
(Cores 42 and 43). Power spectra were generated with Redﬁt 3.8 (Schulz
& Mudelsee, 2002), using a Welch window. A Matlab script was applied
to generate wavelet power spectra (Grinsted et al., 2004), and band-pass
ﬁltering was performed with AnalySeries (Paillard et al., 1996), centered
at the dominant periodicities, with bandwidths at one fourth of the center
frequency (details in the caption for Figure 3).
3. Results
3.1. Elemental Analyses
TOC contents at Site 364 vary signiﬁcantly (Figure 1), from less than 1 wt % up to 40 wt %. Highest TOC con-
tents occur in Unit 7b, which displays regularly paced variations between organic-lean carbonates with
around 1 wt % TOC (typically ranging from 0.5% to 2 wt %) and sapropelic black shales with up to 40 wt %
TOC (typically ranging from 10 to 25 wt %). Unit 7a is characterized by similar cyclic variations but with a lower
maximum TOC content up to 11 wt %. Unit 6 consists predominately of carbonates with maximum TOC con-
tents of 1–3 wt %. Elemental sulfur contents exhibit similar variations as TOC contents, with the maximum
values of 11 wt % occurring in black shale horizons of Unit 7b and lower values in Units 7a and 6.
3.2. Time Series Analysis
The dominant periodicities in the depth domain over the whole Unit 7b TOC data set (Cores 42–45) are 46
and 73 cm (above the 99% conﬁdence level; Figure 2, left panel). When analyzing only the upper part of
the record from 1,024.62 to 1,037.92 m bsf (Cores 42 and 43), the dominant periodicity is again 46 cm (above
the 99% conﬁdence level; Figure 2, right panel), but a periodicity of 2.4 m can also be detected with more
than 80% conﬁdence. The differences between the power spectra of the entire record (revealing 46- and
73-cm periodicities) and that of only Cores 42 and 43 (46-cm and 2.4-m periodicity) are likely caused by
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the core gaps in the longer record. The wavelet spectrum of TOC (Figure 3) conﬁrms these ﬁndings, revealing
the presence of 46-cm and 2.4-m periodicities from 1,024.62 to 1,037.92 m bsf (Cores 42 and 43; Figure 3,
right panel) and the persistent presence of the 46-cm periodicity through all of Unit 7b TOC data set
(Cores 42–45), where data are available (Figure 3, left panel).
3.3. Rock-Eval
HIs for Unit 7b range from undetectable in some organic-lean carbonates to 740 mg HC/g TOC in black shales
(Figure 4). In the organic-rich black shales, bulk OM is hydrogen-rich (HI on average ~ 440) type I/II kerogen,
whereas in carbonates with low TOC, OM is dominated by oxygen-enriched but hydrogen-depleted (mean HI
~ 110) type III kerogen. Tmax values range from 387 to 440 °C and are generally lower in black shales (mean ~
395) than carbonates (mean ~ 420).
3.4. TOC Stable Carbon Isotopes (δ13Corg)
Bulk δ13Corg values vary between28 and24‰ across Unit 7b (Cores 45–42; Figure 1). There is no variation
with lithology, but the δ13Corg record does exhibit a 2‰ positive excursion in Sections 2 and 3 of Core 43 at
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around 1,035 m bsf (Figure 1). The δ13Corg values in the upper parts of the section (Units 7a and 6) are again
stable but lower than those of Unit 7b with values between 26 and 24‰.
3.5. Aliphatic Compounds
As shown previously (Hartwig et al., 2012; Naafs & Pancost, 2014; Simoneit, 1978), the aliphatic hydrocarbon
fractions contain a mixture of n-alkanes, isoprenoids (pristane and phytane), steranes, and hopanes. The
organic-rich black shale aliphatic fraction comprises mainly short-chain n-alkanes (C14–C21) with no obvious
odd-over-even predominance, long-chain (C25–C37) n-alkanes with a slight odd-over-even carbon preference
index (CPI ~ 1.6), C27–C35 hopanes, C27– C29 regular steranes, and acyclic isoprenoids such as pristane (Pr) and
phytane (Ph). The organic-lean carbonates are also dominated by short-chain n-alkanes (C16–C21) with no
obvious carbon number preference and pristane (Pr) and phytane (Ph); also present are long-chain n-alkanes
(C25–C29), C27–C31 hopanes, and C27–C29 regular steranes. The ratio of the short- to long-chain n-alkanes [C17/
(C17 + C31)] in both organic-rich and organic-lean intervals is ~0.9. The ratio of steranes (only the regular ster-
anes; see below) to hopanes, expressed here as ∑Steranes C27C29ð Þ∑hopanes C27C31ð Þ, is higher in black shales (0.86, with a typical
range between 0.6 and 1.5) than carbonates (0.76, with a typical range between 0.4 and 1; Figure 6). The C31
hopane maturity index (C31
ββ
ββþβαþαβ) in both organic-rich and organic-lean intervals is approximately 0.15;
expressing the alternation in the biological stereochemistry in a signiﬁcant portion of the hopane stereoi-
somers, consistent with the thermal maturity of the host strata. The acyclic isoprenoid, 2,6,10,15,19-PMI,
derived from both methanotrophic (e.g., Pancost et al., 2000) and methanogenic (Schouten et al., 1997)
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Archaea, occurs in both lithologies. TOC-normalized concentrations of PMI in Cores 42–45 are higher in
the carbonate intervals than the black shales (Figure 7). The δ13C values of PMI in a black shale and
carbonate samples from Unit 7b are 28‰ and 29‰, respectively. Lycopane is rarely present in
carbonates and occasionally abundant in black shales of Unit 7b. The lycopane/C31 n-alkane ratio can
be applied as a proxy for anoxic conditions in the water column (Sinninghe Damsté et al., 2003).
Lycopane ratios are around 2 in black shales of Unit 7b but reach values as high as 5.5 in some
horizons (Figures 4 and 5). Lycopane is largely absent in Units 7a and 6.
3.5.1. MRM (GC-MS-MS)
In addition to the aliphatic biomarkers, both organic-rich and organic-lean samples contain methylsteranes.
However, due to low abundances and coelution, their identiﬁcation required the use of MRM-GC-MS. As
such, MRM-GC-MS was used to discriminate and conﬁrm the presence of a full range of 4(α,β),23,24-tri-
methylcholestane isomers (dinosteranes, m/z 414 → 231 transition), 4(α,β)-methylstigmastanes (m/z
414 → 231 transition), and 24-n-propylcholestane (C30, m/z 414 → 217 transition) and the commonly
observed C27–C29 regular steranes. Both regular and 4-methylsteranes occur in abundance in both
organic-lean and organic-rich stratigraphic intervals and dominate 2-methylsterane and 3-methylsterane.
However, the relative abundance of 24-n-propylcholestane (24-npc) to C27–C30 regular steranes varies
between 2% and 3.5%, with the highest values in black shales (Figure 6). Similarly, the proportion of
dinosteranes and 4-methylstigmastanes relative to total regular steranes and C30 4-methylsteranes is gener-
ally higher in black shales (0.11–0.4) than in the carbonates (0.1–0.17, Figure 6). The proportion of
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Figure 6. Total organic carbon (TOC) content (gray), sulfur content (red), C27–C30 (24-npc) steranes/C27 + C35 hopanes
ratio, % C30 (24-npc) sterane, dinoﬂagellate C30 methylsterane signal, % C27 and % C29 regular steranes, and 4-methyl-
stigmastames/dinosteranes for the four representative cycles of Unit 7b, with a high-resolution sampling (10 cm1).
Biomarkers distribution show that marine algal productivity was favored under photic zone euxinia condition, and strati-
ﬁcation was established in the basin particularly when black shales were deposited.
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4-methylstigmastanes relative to dinosteranes is higher in black shales
(mean ~ 0.9) than in carbonates (mean ~ 0.7; Figure 6). MRM analysis
also revealed trace abundances of 3β-methylhopanes (m/z 205) in
both carbonates and black shales. The abundance of C31 3β- methyl-
hopane relative to C30 hopane and C31 3β-methylhopane (3β-methyl-
hopane index; C31 3βmethylhopanesC31 3βmethylhopanesþC30 hopane
 
) is generally higher in
carbonates (2–4%) than black shales (<1–2%; Figure 7).
3.5.2. Thiophenes
The aliphatic hydrocarbon fractions also contain a series of n-alkyl and iso-
prenoidal thiophenes, organic sulfur compounds (Sinninghe Damsté & de
Leeuw, 1990, and references therein). Both classes of thiophenes are lar-
gely absent in the organic-lean intervals. The C20 isoprenoid thiophene
(m/z 308) is the most abundant isoprenoidal homolog. The C20 isoprenoid
thiophene ratio ( VIIþVIIþIIþIIIþIVþV; for details see Figure 8) ranges between 0.2
and 1 (Figure 4).
3.6. Aromatic Compounds
The aromatic fraction from organic-rich intervals in Unit 7b comprises,
among other compounds, isorenieratene, C35 hopane stereoisomers with
thiophene rings, isoprenoid thiophenes, and isoprenoid thiolane. Of par-
ticular signiﬁcance for this study is the presence of isorenieratane (m/z
546 and characteristic fragments of m/z 131 + 133), derived from isore-
nieratene, a carotenoid predominantly produced by phototrophic
brown-pigmented green sulfur bacteria (Chlorobiaceae, Imhoff, 1995).
Isorenieratane concentrations vary from 0 to 900 ng/g with highest values
in organic-rich intervals (Figures 4 and 5). Although largely absent, isore-
nieratane also occurs in some of the organic-lean carbonates of Unit 7b
(<6 ng/g; Figures 4 and 5). Isorenieratane was not detected in Units 7a
and 6, including the black shales in those core sections.
3.7. Desulfurized Polar Compounds
Similar to the aliphatic fraction of organic-rich rocks, the apolar fraction
of the desulfurized samples are dominated by short-chain n-alkanes (C16–C21) with no clear odd-over-
even predominance, pristane (Pr) and phytane (Ph), PMI, lycopane (lycopane ratio ~ 1.4), and regular ster-
anes (C27–C29, S and R isomers, base peak at m/z 217). Unlike the aliphatic fractions, long-chain (C25–C40)
n-alkanes in desulfurized fractions do not exhibit any odd-over-even carbon preference index (CPI ~ 1).
Moreover, the hopanes are dominated by the C35 homohopane, as is often the case for desulfurized polar
fractions (e.g., de Leeuw & Sinninghe Damsté, 1990). Consistent with the composition of the aromatic
fractions, the desulfurized polar fractions contain isorenieratane. Desulfurization also yielded chlorobac-
tane (base peak at m/z 133, molecular ion m/z 554), a derivative of chlorobactene, derived from green-
pigmented green sulfur bacteria, Chlorobiaceae (Imhoff, 1995).
4. Discussion
To explore the processes governing palaeoceanographic and carbon burial processes across multiple time-
scales, we ﬁrst discuss the long-term decrease in TOC content from Unit 7b to Unit 6 (1,080–880 m bsf), con-
sidering it in the context of the opening phase of the South Atlantic Ocean (section 4.1). This is followed by a
discussion that focuses on the short-term high-amplitude cyclic variations observed in the bulk records (TOC
and S) and a high-resolution biomarker study of Unit 7b (1,080–1,025 m bsf), providing detailed insights in
the depositional environment (section 4.2), the intensity of anoxia (section 4.3), and variations in the ecology
(section 4.4) of the basin during the Aptian, methane cycling (section 4.5), and ultimately the processes
behind these variations (section 4.6).
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Figure 7. Total organic carbon (TOC) content (gray), sulfur content (red), 3β
methylhopane index, and pentamethylicosane (PMI) relative abundance,
for the four representative cycles of Unit 7b. The lower concentration of PMI
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SVI. 3-methyl-2-(3,7,11-trimethyltridecyl)thiophene
S
VII. 3-(4,8,12-trimethyltridecyl)thiophene
S
V. 2,3-dimethyl-5-(2,6,10-trimethyltridecyl)thiophene
S
I. 5-(2,6-dimethylheptyl)-2-isopentyl-3-methylthiophene
S
III. 2-(3,7-dimethyloctyl)-3-methyl-5-(2-methylbutyl)thiophene
S
IV. 2-(3,7-dimethylnonyl)-5-isobutyl-3-methylthiophene
S
II. 5,(2,6-dimethylnonyl)-2-isopentyl-3-methylthiophene
a. isorenieratene
b. isorenieratane
R
R=H, CH3, C2H5, C3H7
R
R
R1= CH3
R2=H, CH3, C2H5, C3H7
R
R2
R1
R=H, CH3, C2H5, C3H7
c. chlorobactene
d. chlorobactane
e. lycopane 
g. C20 isoprenoid thiophenes (I, II, III, IV, V, VI, VII)
f. PMI
h. steranes i. dinosteranes
j. hopanes k. 3-methyl hopanes
R1= CH3
R2=H, CH3, C2H5, C3H7
Figure 8. The schematic molecular structure of lipid biomarkers analyzed in this paper. (a) Isorenieratene, (b) isorenieratane, (c) chlorobactene, (d) chlorobactane, (e)
lycopane, (f) pentamethylicosane (PMI), (g) C20 isoprenoid thiophenes, (h) steranes, (i) dinosteranes, (j) hopanes, and (k) 3-methyl hopanes.
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4.1. Long-Term Redox Changes During the Opening of the South Atlantic
Unit 7b to Unit 6, spanning ~200 m of sediment of Aptian to late Aptian age, are characterized by relatively
stable δ13Corg values between28‰ and26‰ (Figure 1). However, sediments in Cores 44 and 43 (Unit 7b)
demonstrate a ~2‰ shift to more positive values (Figures 1 and 4). This positive CIE could be interpreted as a
reﬂection of enhanced carbon burial, and considering the age of these sediments (Aptian), it could poten-
tially be attributed to the later stages of OAE 1a at around 120Myr. OAE 1a is characterized by a brief negative
and subsequent prolonged positive CIE (Menegatti et al., 1998) related to the input of isotopically light car-
bon into the ocean-atmospheric system and subsequent increased burial of 12C-enriched OM. At Site 364
the positive CIE occurs directly above a ~13-m-long coring gap, which might explain the lack of a negative
CIE that is characteristic for the onset of OAE 1a. As such, the sediments recovered in Cores 44 and 43 likely
only represent the later stages of OAE 1a. Evidence of (the later part of) OAE 1a is also recorded in the eva-
porites of the Brazilian margin of the South Atlantic (Tedeschi et al., 2017).
The most signiﬁcant characteristic of the Aptian–late Aptian sediments at Site 364 is the long-term decrease
in (maximum) TOC content from Unit 7b (maximum 40 wt %) to Unit 7a (maximum 11 wt %) and Unit 6 (max-
imum 3 wt %). This change is accompanied by a parallel decrease in sulfur content (Figure 1). Although pre-
sent in Unit 7b, the biomarker isorenieratane, indicative of photic zone euxinia (e.g., Koopmans et al., 1996), is
absent in Units 7a and 6. The absence of lycopane, a biomarker predominantly produced in anoxic zones
(Sinninghe Damsté et al., 2003, and references therein), in Unit 6 is also consistent with an overall decrease
in the intensity of anoxia/euxinia in the basin throughout the Aptian.
Although the rifting process initiated in the Late Jurassic (e.g., Sibuet et al., 1984, and references
therein), recent studies suggest that the northern South Atlantic basins remained isolated from signiﬁ-
cant oceanic water inﬂux from the south until the Late Cretaceous (Pérez-Diaz & Eagles, 2014; Pérez-
Díaz & Eagles, 2017). The South Atlantic basins also remained restricted to the north until sometime
between the Aptian and Campanian stages, when a north-south Atlantic connection became estab-
lished (Kochhann et al., 2013) and gradually intensiﬁed (Friedrich & Erbacher, 2006; Voigt et al., 2013).
We therefore attribute the long-term decrease in TOC content, intensity of anoxia, and disappearance
of photic zone euxinia to the gradual opening of the South Atlantic, deepening of the basin, and an
associated decrease in basin restriction, which changed the sensitivity of the basin to climatic and
depositional perturbations.
Although restricted, the basin was not uniformly anoxic/euxinic during the deposition of Unit 7b, as revealed
by the cyclicity in TOC contents and the rhythmic occurrence of biomarker evidence of anoxia/euxinia (dis-
cussed below). Evidently, the basin geometry, with limited connectivity to the open ocean, preconditioned
it for climatically induced changes in productivity and anoxia, similar to the Mediterranean during the
Quaternary (Menzel et al., 2003; Meyers, 2006; Rohling, 1994) or as seen in the Deep Ivorian Basin to the north
(ODP Site 959) during the Coniacian to Santonian (Beckmann et al., 2005; Hofmann et al., 2003; Wagner &
Pletsch, 1999). This paleodepositional model is discussed further in section 4.2.
4.2. High-Amplitude, Short-Term Cyclic Variations in TOC Contents and Rock-Eval HIs
Superimposed on the long-term changes in TOC and sulfur content and shifts in biomarker distribution
are high-amplitude, short-term cyclic variations that are especially pronounced in Unit 7b (Figure 4).
These cycles are most prominent in the high-resolution TOC record but are also visible in biomarker
records (Figures 5–7). The power spectrum of the high-resolution TOC record from Unit 7b highlights
the strong periodicity of organic-rich black shales with a regular spacing of 46 cm (Figures 2 and 3).
The difference between the power spectra of the entirety of Unit 7b (Cores 42–45) and only Cores 42
and 43 likely stems from the large coring gaps in Unit 7b. Nonetheless, both records highlight the dom-
inance of a 46-cm periodicity. This observation suggests that rhythmically paced changes in the deposi-
tional environment occurred in the basin during the Early Cretaceous. This cyclicity bears a strong
resemblance to the astronomically paced formation of organic-rich sapropels at Deep Ivorian Basin
(ODP Site 959) during the Coniacian (Beckmann et al., 2005); at Demerara Rise (Leg 207) during the
Cenomanian–Turonian (Flögel et al., 2008; Hofmann & Wagner, 2011; Meyers et al., 2006); at Site 530 dur-
ing the Cenomanian–Turonian (Arthur et al., 1984; Deroo et al., 1984; A. Forster et al., 2008; Stow & Dean,
1984); and at Site 1138 during the Cenomanian–Turonian (Dickson et al., 2017).
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To constrain these cycles to speciﬁc astronomical frequencies requires rigorous age constraints.
Unfortunately, these are not available for Site 364 because Unit 7b does not have a precisely deﬁned chron-
ology and is characterized by coring gaps. However, the black shale layers appear to cluster in groups of ﬁve
in the upper part of the section (Cores 42–45), bundled within the longer 2.4-m cycles (Figures 2 and 3). Based
on this cycle hierarchy, and considering the subtropical location of Site 364 (~25°S), we suggest that changes
in depositional environment are related to eccentricity-modulated precession, where the primary periodicity
of 46 cm likely reﬂects the inﬂuence of precession (~21 kyr), and the 2.4-m periodicity may reﬂect the short
eccentricity modulation of precession (~100 kyr). Below, we use detailed biomarker data to probe changes in
the depositional environmental of the northern South Atlantic basin during the Aptian and across
individual cycles.
4.3. Redox Changes Associated With Cyclicity in Unit 7b
Multiple lines of evidence indicate that signiﬁcant redox changes accompany the black shale-carbonate
cyclicity at Site 364; these include the laminations and high sulfur contents in the black shales
(Figures 1 and 4) as well as observations that they are devoid of or contain poorly preserved benthic for-
aminifera specimens (Kochhann et al., 2014; Leg 40 Shipboard Scientiﬁc Party, 1978). In addition, the pat-
tern of lower HI and higher Tmax in the carbonates strongly suggests development of more oxic
diagenetic conditions when organic-lean sediments were deposited (Landais et al., 1991; Stein, 1991).
Here we explore evidence for the intensity of redox changes and their impact on OM character using bio-
markers for sedimentary and water column redox conditions. These biomarkers provide evidence that
low-oxygen or even euxinic conditions extended into the water column (and photic zone) during intervals
of black shale deposition. First, lycopane mainly occurs in black shales, with particularly high lycopane
ratios (up to 5.5) in some horizons indicating low-oxygen condition or anoxia in the water column
(Sinninghe Damsté et al., 2003). Lycopane is not detected in most carbonate intervals, indicative of an
oxygenated water column during periods of carbonate formation.
The interpretation of a lower water column oxygenation during black shale deposition is further supported
by the presence of thiophene compounds such as C20 isoprenoid (midchain) thiophenes. Organic sulfur com-
pounds are thought to be formed under euxinic conditions (Sinninghe Damsté et al., 1989). Their distribution
(( VIIþVIIþIIþIIIþIVþVÞ; for details see Figure 8) has been proposed as an indicator of changes in salinity (Sinninghe
Damsté et al., 1989; Sinninghe Damsté & de Leeuw, 1990). The C20 isoprenoid thiophenes ratio, although vari-
able across the record, suggests episodes of hypersalinity and stratiﬁcation in some, but not all, euxinic per-
iods (Figures 4 and 5).
Euxinia likely extended into the photic zone, as indicated by the presence of isorenieratane, a derivative of
carotenoids of green sulfur bacteria (Imhoff, 1995; Koopmans et al., 1996). Isorenieratene originates from
brown strains of photosynthetic green sulfur bacteria (chlorobiacae; Imhoff, 1995, and references therein)
that thrive near the chemocline at depths of up to 150m, where the light levels are less than 1% of sea surface
irradiance (Imhoff, 1995). In addition, the one desulfurized black shale sample contained chlorobactane.
Chlorobactene is exclusively produced by the green strain of green sulfur bacteria (Imhoff, 1995, and refer-
ences therein), which requires higher light intensity and thrives at shallower depths (<15 m; Imhoff, 1995,
and references therein). Assuming a similar light dependence for these phototrophic sulfur bacteria during
the Early Cretaceous, the presence of chlorobactane indicates that the chemocline occasionally extended
to very shallow depths during black shale deposition, although the limited number of samples we desulfur-
ized precludes us from concluding that these conditions occurred during the deposition of all black shales.
Altogether, the biomarker assemblage provides compelling evidence that during deposition of Unit 7b,
the northern South Atlantic water column periodically became profoundly depleted in oxygen, with anoxia
and euxinia extending from the sediments to the (shallow) photic zone. Moreover, the basin was anoxic
before, during, and after the potential OAE 1a positive CIE, resembling conditions that have been reported
from other basins during the Cretaceous (e.g., Site 959; Beckmann et al., 2005; Hofmann et al., 2003;
Wagner & Pletsch, 1999).
4.4. Biomarker Evidence of Cyclical Changes in Ecology
The high OM preservation and reducing conditions during the deposition of black shales could have resulted
from increased marine productivity which would have dynamically maintained a redox-stratiﬁed water
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column. This mechanism is consistent with the cyclic variations in the absence/presence and/or changes in
the distribution of marine plankton community markers (Figure 6). For example, the abundance of (mainly)
algal-derived steranes relative to bacterially derived hopanes, expressed as sterane/hopane ratio
(Summons et al., 2006, and references therein), are slightly elevated in the black shales (mean ~ 0.86) com-
pared to carbonates (mean ~ 0.76; Figure 6). Consistent with this ecological change is the higher concentra-
tion of C30 steranes (24-npc) and particularly high (maximum ~ 0.4) dinoﬂagellate C30 methylsterane signal
(dinosteranes and 4-methylstigmastanes) in the organic-rich black shales (Figure 6). The C30 regular sterane
(24-npc) is a biomarker for predominantly marine pelaogophyte algae in Devonian and younger sedimentary
rocks (e.g., Cao et al., 2009), whereas dinosteranes are mainly derived frommarine dinoﬂagellates in Mesozoic
and younger rocks and oils (e.g., Summons et al., 1992). Cyclic changes in water column ecology are also indi-
cated by the predominance of C27 over all regular steranes (C27–C30 (24-npc)) in black shales, a distribution
that changes to a predominance of C29 regular sterane in carbonates (Figure 6). Numerous studies of regular
sterane (C27–C29) distributions and their speciﬁc precursors (W. Y. Huang & Meinschein, 1979; Kodner et al.,
2008; Volkman et al., 1994) have led to various suggestions regarding their utility in inferring changes in
OM source (although such approaches must be done cautiously, e.g., Kodner et al., 2008). For instance, the
C27 and C29 sterols are preferentially synthesized by red algae and green algae, respectively (e.g., W. Y.
Huang & Meinschein, 1979; Volkman et al., 1994; but see Kodner et al., 2008, for exceptions). Classically,
higher relative abundances of C29 regular steranes have been interpreted as evidence of proportionally
greater terrigenous inputs. Therefore, the observed variations in sterane distribution provide further evi-
dence for ecological and/or OM source change, but the speciﬁc meaning of these changes is difﬁcult to
detangle. A shift to C27 sterane predominance is, however, consistent with a pulse of dinoﬂagellate activity
during black shale deposition as dinoﬂagellates are from a derived red algal clade and C27 steranes are their
major regular sterane marker (Volkman et al., 1994). The proportion of 4-methylstigmastane over dinoster-
anes as a signal of lacustrine fresh water (Goodwin et al., 1988; Hou et al., 2000; Summons et al., 1992,
1987) is higher in black shales (mean ~ 0.9) than carbonates (mean ~ 0.78; Figure 6). 4-Methylstigmastane
and dinosteranes are indicators for marine (Goodwin et al., 1988; Moldowan et al., 1985; Summons et al.,
1987) and nonmarine dinoﬂagellates (Jiamo et al., 1990). The dominance of 4-methylstigmastane over dinos-
teranes in our samples strongly suggests a lacustrine fresh water origin (Goodwin et al., 1988; Hou et al., 2000;
Summons et al., 1992, 1987). 4-Methylstigmastanes are not selective biomarkers of dinoﬂagellates (Volkman
et al., 1990); however, considering the higher proportion of C27 regular sterane in black shales, dinoﬂagellates
are the likely source of 4-methylstigmastane (Fowler & McAlpine, 1995) in black shales. The dominance of 4-
methylstigmastane in black shales (Figure 6) indicates the establishment of fresh (lower salinity) surface
water layer and stratiﬁcation in the basin particularly during the periods of enhanced terrestrial input and
during the deposition of black shales, although the system remained marine (C30 regular steranes).
Altogether, the biomarker evidence, alongside the high HIs in black shales, indicates that high marine algal
productivity drove the water column anoxic/euxinic in a restricted basin, likely aided by elevated nutrient
inputs and stratiﬁcation.
4.5. Methane Cycling in Aptian South Atlantic
Other changes in basin ecology are documented by the abundances of microbial biomarkers, providing
insights into the Aptian methane cycle in the northern South Atlantic. Compound-speciﬁc δ13C of the
archaeal lipid PMI (δ13CPMI; see section 3.5) suggests a methanogenic rather than methanotrophic archaeal
origin in this setting (e.g., Schouten et al., 1997). Concentrations of PMI are higher in the organic-lean carbo-
nates than in the black shales (Figure 7). However, the desulfurized polar fraction of the black shale sample is
also dominated by PMI, and the lower concentration of PMI in the aliphatic fraction of black shales is likely
due to rapid sulfurization of PMI’s highly unsaturated precursor during the early stages of diagenesis (sulfur
incorporation reactions; Sinninghe Damsté & de Leeuw, 1990, and references therein), rather than ecological
changes. Our data suggest that methanogenesis as the ﬁnal step of OM biodegradation was occurring con-
sistently in both carbonates and black shales.
Another aspect to consider is the concentration of 3β-methylhopanes in both carbonates and black shales
(Figure 7). The most likely source of 3β-methylhopanes in marine environments is Type I methanotrophs
(reviewed by Farrimond et al., 2004). This assumption can be supported by depleted carbon isotope com-
positions (Ruble et al., 1994), but that was not possible here due to overall low concentrations of this
10.1029/2018PA003338Paleoceanography and Paleoclimatology
BEHROOZ ET AL. 906
biomarker. Methanotrophs are methane-oxidizing bacteria that tend to live under microaerophilic condi-
tions, such as the chemocline in stratiﬁed environments (Hanson & Hanson, 1996). Because the 3β-
methylhopane ratios are low (1%–4%) throughout the entire studied section and in the typical range
for Phanerozoic sediments (1%–3%; Cao et al., 2009; i.e., there is no evidence for particularly enhanced
abundances of aerobic methanotrophic bacteria), we suggest that the primary mode of methane oxida-
tion was likely via anaerobic oxidation of methane (e.g., Orphan et al., 2002), similar to what has been
previously reported for the Black Sea water column (Wakeham et al., 2003). However, the elevation of
the 3β-methylhopanes ratio C31 3βmethylhopanesC31 3βmethylhopanesþC30 hopane
 
by ~2% in carbonates, when the water column
was more oxygenated, suggests that different bacterial communities (potentially type I methanotrophic
bacteria; reviewed by Farrimond et al., 2004) prevailed during carbonate deposition. We suggest that
aerobic methanotrophy dominated during these times, whereas anaerobic oxidation of methane was
more important when the water column was largely anoxic.
4.6. Causes of Sedimentary Cycles
As discussed above, during the initial opening stages of the northern South Atlantic, sedimentary deposition
was characterized by putatively cyclic burial of OM, reﬂecting a regular alternation between oxic and
anoxic/euxinic conditions. Crucially, the cyclic changes in the concentrations of lycopane and isorenieratane
conﬁrm that these variations were not restricted to sediments or bottom waters but extended into the water
column and even photic zone. We attribute these cyclical (precession-driven) changes primarily to increased
stratiﬁcation but also increased productivity during black shale deposition, the latter inferred from changes in
algal biomarker assemblages that document ecological change. Enhanced productivity was likely driven by
an increased input of biolimiting nutrients.
Wagner et al. (2013) presented a conceptual framework for the formation of proto Atlantic black shales in the
(sub)tropics during the Cretaceous (Albian, Cenomanian–Turonian), linking the richness and quality of OM to
changes in upwelling in the proto-Atlantic and continental runoff into the basin. However, in modern upwel-
ling regions such as off the coast of Peru (Dugdale et al., 1977) and those in the Indian Ocean (Ivanenkov &
Rozanov, 1961) photic zone euxinia does not occur; furthermore, isoreniaretane (or its biological precursor
isoreniaratene) is only found in the sediments and water column of stratiﬁed basins such as the Black Sea
(Repeta et al., 1989). We therefore argue that the occurrence of anoxic/euxinic conditions during deposition
of the Aptian black shale horizons at Site 364 was probably related to water column stratiﬁcation combined
with enhanced primary productivity driven by terrestrial nutrient delivery. This situation is similar to what
has been invoked for the formation of Coniacian-Santonian black shales (ODP Site 959) in the tropics
(Beckmann et al., 2005; Flögel & Wagner, 2006; Wagner et al., 2013) and Albian black shale deposits of
DSDP Site 367 in the eastern North Atlantic (Hofmann et al., 1999; Wagner et al., 2013). This hypothesis
is further supported by the dominance of 4-methylsteranes in C30 methylsteranes as an evidence for sali-
nity stratiﬁcation (Goodwin et al., 1988) in both carbonates and black shales. Additionally, the proportion of
4-methylstigmastane over dinosteranes in black shales (Figure 6) as a signal of lacustrine fresh water layer
(Goodwin et al., 1988; Hou et al., 2000; Summons et al., 1987, 1992) and establishment of stratiﬁcation in
the basin, is particularly higher during the periods black shale deposited. In addition, overall low (<0.5)
C20 isoprenoid thiophene ratio in black shale horizons at Site 364 suggests episodes of hypersalinity and
stratiﬁcation during (some of) the euxinic periods (Figures 4 and 5). Moreover, the pattern of HI and
Tmax values in carbonates and black shales proposes a signiﬁcant background composition of transported
terrestrial OM (kerogen type III) in the organic-lean carbonates. This is consistent with the pulses of high
marine productivity dynamically maintaining reducing conditions within the water column during the
deposition of black shales (kerogen type II).
We argue that Aptian organic-rich black shales (with high HI values) in Site 364 represent the strong inﬂu-
ence of continental runoff from tropical South Africa, whereas carbonate horizons with low organic con-
tent (and low HI values) formed when the basin was inﬂuenced from the SW trade winds and more oxic
conditions developed (when the Intertropical Convergence Zone was located in a relatively northern posi-
tion). Climate model simulations support our hypothesis, demonstrating that the appearance of the
Atlantic Ocean led to signiﬁcant changes in the hydrological cycle and modulated the monsoonal-
inﬂuenced regions (Ohba & Ueda, 2010).
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Crucially, the impact of these climatic factors was modulated by the evolution of the South Atlantic, which
resulted in the formation of series of rift basins in the (sub)tropics which gradually became connected to
the open ocean through the (Early) Cretaceous (e.g., Friedrich & Erbacher, 2006; Pérez-Diaz & Eagles, 2014).
These rift basins and the early restricted South Atlantic were particularly sensitive to orbitally controlled
changes in monsoonal runoff and episodic formation of organic-rich black shales. To the best of our knowl-
edge, there is no other Aptian-age black shale or modeling study in the South Atlantic to help us build a wider
concept regarding the formation of black shales in the region. However, our ﬁndings shed some light on the
sedimentary pattern of Aptian black shales deposition, and in particular, they support the hypothesis that
changes in organic carbon richness is controlled by orbitally paced variations in the hydrological cycle, as
has been inferred for the Cretaceous (Hofmann & Wagner, 2011; Wagner et al., 2013) and Jurassic
(Armstrong et al., 2016). Based on our results from Site 364 we argue that the southward development of
the Intertropical Convergence Zone (~25°S) during the Aptian alongside with the paleogeography of the
region made the South Atlantic sensitive to the orbitally forced variations in hydrology and likely led to a
widespread occurrence of Aptian black shales in the South Atlantic. A strength of the hydrologically modu-
lated mechanism is that it would have not only enhanced nutrient inputs but could have contributed to
density-driven water column stratiﬁcation. This combination of enhanced productivity and stratiﬁcation-
limited oxygenation of deep waters could have combined to generate the particularly dramatic changes in
TOC content and character, as has been invoked for Site 959 (ODP Leg 159; the deep Ivorian Basin; e.g.,
Wagner & Pletsch, 1999). Previous work (Słowakiewicz et al., 2015) has cautioned against interpreting
basin-scale stratiﬁcation on the basis of a single site, but the particularly high TOC contents observed here
do suggest changes in productivity and ocean circulation. Crucially, the cyclic burial of such organic-rich sedi-
ments appears to have stimulated a particularly strong methane cycle. The very high concentration of PMI in
desulfurized black shale extracts suggests intense methanogenesis in those horizons, whereas the 3β-
methylhopanes provide evidence for aerobic methanotrophy, perhaps in the water column. Altogether,
the carbon cycle in the northern South Atlantic during the Aptian seems to have been controlled by astro-
nomical forcing (precession), driving changes in the hydrological cycle that subsequently regulated the
methane cycle via biodegradation of OM.
Although our results are speciﬁc to Site 364 and the margins of northern South Atlantic, periodic black
shales of similar age (Early Cretaceous) have been reported elsewhere in the proto-Atlantic, for example,
at Site 530 in the Angola basin (e.g., Deroo et al., 1984; Katz, 1984; Meyers et al., 1984; Rullkötter et al.,
1984; Stow & Dean, 1984); Site 511 in the Falkland Plateau (e.g., Deroo et al., 1983), and Site 367 in
Gambia Abyssal Plain (e.g., Hofmann et al., 1999; Wagner et al., 2013). There are also numerous publica-
tions on the astronomically controlled formation of black shales in the Late Cretaceous, for example, from
Site 959 in the Ivorian Basin (Beckmann et al., 2005; Holbourn et al., 1999), Leg 207 (Sites 1257–1261) at
Demerara Rise (Hofmann & Wagner, 2011; Meyers et al., 2006), Site 530 in the Angola basin (e.g., Arthur
et al., 1984; Deroo et al., 1984; A. Forster et al., 2008; Stow & Dean, 1984), the Western Interior Seaway
(Eldrett et al., 2015), and ODP Site 1138 in the Indian Ocean (Dickson et al., 2017). These results suggest
that the proposed depositional mechanism for Site 364 of a hydrographically restricted basin that was
preconditioned to astronomically controlled variations in terrestrial runoff was probably a common fea-
ture of the proto-Atlantic region during the Cretaceous. These observations highlight the strong links
between climate, the hydrological cycle, terrestrial weathering, nutrient availability, primary production,
and deoxygenation in the marine system.
5. Conclusions
High-resolution geochemical data from DSDP Site 364 (Units 7b to 6) allow reconstruction of the intensity
and persistence of redox conditions in the northern South Atlantic Ocean during its early opening phase
in the Aptian. The opening history of the northern South Atlantic is documented by the accumulation of
organic carbon, with the relatively high preservation of OM in the restricted basin (Unit 7b and to a less extent
in unit 7a), terminated by continued rifting, basin deepening, and increased connectivity with the open
ocean by the late Aptian (Unit 6). High-amplitude ﬂuctuations in TOC and total sulfur contents and HIs indi-
cate that basin restriction alone did not cause anoxic conditions to develop but instead preconditioned the
basin for oxygen depletion during episodes of enhanced OM production and export. Productivity ﬂuctua-
tions most likely resulted from eccentricity-modulated precession changes in the delivery of biolimiting
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nutrients from weathering and terrestrial runoff. Enhanced terrestrial runoff, perhaps associated with a
strengthened hydrological cycle, might also have caused salinity stratiﬁcation in the upper ocean, as evi-
denced by elevated proportion of 4(αβ)-methylstigmastane over dinosteranes during the periods of
increased terrestrial input and also cyclic variations in C20 isoprenoid thiophene abundances. Regardless of
the forcing mechanism(s), the impact of cyclical changes in climate on the South Atlantic was pronounced,
evidenced by increased primary production and changes in algal assemblages; anoxic conditions in the water
column, including photic zone euxinia and sometimes extending to very shallow water depths (<15 m); and
a pronounced methane cycle.
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